The aim of this study is to determine the optimum condition for biohydrogen production from sugarcane bagasse (SCB) hydrolysate using a central composite design and response surface methodology (RSM). SCB was hydrolyzed with 0.5% (v/v) sulfuric acid at 121 C, 0.15 MPa for 60 min in an autoclave at a solid to liquid ratio of 1:15 (g:mL). Heat-treated bacterium obtained from a hydrogen producing fermentor was used as the inoculum. The interaction of three factors, i.e., substrate concentration, substrate:buffer ratio and inoculum:substrate ratio on hydrogen production potential (P) were investigated. The results indicated that the substrate concentration, substrate:buffer ratio and inoculum:substrate ratio had a significant influence effect on P. An optimal condition was found at substrate concentration of 22.77 gtotal sugar L À1 , 4.31 substrate:buffer ratio, and 0.31 inoculum:substrate ratio resulted in a maximum P of 6980 mL H 2 L
Introduction
Our energy supply comes mainly from fossil fuels for transportation and industrialization resulting in not only environmental pollution, but also economic and political problems owing to their limited reserves and uneven distribution. Nowadays, alternative energy can come from natural resources (wind, sunlight, geothermal power and biomass) which are inexhaustible. Using these resources to supply our energy needs supports sustainable development, while also lowering greenhouse gas emissions. The different characteristics of an energy resource can be evaluated in terms of sustainability and their ability to replace traditional fuels at different levels including power generation, heating, as a transport fuel and for rural energy. In developing countries, biomass represents the major source of renewable energy because of its commonly used as the local energy supply. Bioenergy is a fuel derived from a biological source (biomass) and is also referred to as biofuel. Biomass is defined as any organic material coming from any form of life or its derived metabolic production. Biodiesel and bioethanol are biofuels that currently are the only alternative energy source able to replace transportation fuel in vehicle engines without involving major modifications. Previous researches study biofuel from biomass such as agricultural waste [1] , food waste [2] and microalgae [3e5] .
On the other hand, some scientists predict hydrogen as the "fuel of the future", and the worldwide trend is the shift away from nonrenewable fuels towards the establishment of renewable hydrogen energy. Many companies are working to develop technologies that might efficiently exploit the potential of hydrogen energy for use in motor vehicles. As of November 2013 there are demonstration fleets of hydrogen fuel cell vehicles undergoing field testing including; the Chevrolet Equinox Fuel Cell, Honda FCX Clarity, Hyundai ix35 FCEV and Mercedes-Benz B-Class F-Cell [6] . Hydrogen is considered to be an ideal energy source for the future due to its cleanliness and high energy yield of 142 kJ g À1 , which is 2.75 times greater than that of any hydrocarbon fuel. Hydrogen production technologies can be classified as physicalechemical and biological methods. Physicalechemical methods are very energy intensive and result in the emission of harmful greenhouse gases (CO, CO 2 and CH 4 ) that have an impact on global warming. In contrast, biological methods for biohydrogen production are more environmentally friendly, lower in energy consumption and have a cheaper substrate cost because hydrogen can be produced from raw materials such as organic waste, agricultural waste [7, 8] , industrial wastewater [9] and municipal waste [10] . These substrates are readily available and have been widely used in anaerobic fermentation to produce hydrogen gas in environmentally friendly ways [11] .
Biohydrogen from cellulose is a high value-added product, since cellulosic biomass is the most abundant renewable resource on earth. In addition, biohydrogen can be produced from non food crops of inedible waste products and does not divert food away from the animal or human food chain. However, pretreatment is an important tool for the cellulosic bioconversion process because it has great potential for improving the efficiency of the anaerobic process. Thailand is an agricultural country and sugarcane is one of the important industrial crops. It can be cultivated in all parts of Thailand, except in the South, with a cultivation area of more than 960,000 ha. Approximately 48 Mt of sugarcane are produced each year [12] . Sugarcane bagasses (SCB) are a waste left after the sugarcane extraction process. Since the bagasse accounts for approximately 25% of sugarcane mass, about 12 Mt of SCB are produced annually. The most common use for SCB is for energy production by combustion [13] with can cause environmental problems because of the emissions of CO 2 . SCB consists of three main fractions, i.e., cellulose, hemicelluloses and lignin of which 30e35% is hemicelluloses [14] . The generation of hydrogen from SCB using anaerobic fermentation usually requires substrate pretreatment procedures. Diluted acid treatment of hemicelluloses fraction in SCB yields a solution containing mainly glucose and xylose with a small amount of arabinose [14, 15] . Since bonds in cellulose are stronger than in hemicelluloses, a solid waste of cellulose and lignin is obtained in the diluted acid hydrolysis of SCB [15] . Due to its composition, hydrolysate of SCB is a very attractive raw material for the production of hydrogen. An important consideration in hydrogen production from SCB hydrolysate though, is that during hydrolysis several inhibitory compounds are formed [16] .
Several factors affect biohydrogen production in addition to nature of the microbial flora [17] such as temperature, pH, mineral medium formulation, the type of inoculums, the profile of organic acids produced and the type and concentration of substrate. Particularly, pH is a key parameter in biological processes as it affects enzyme activities, metabolite transporters, and the microbial community. Therefore the production media formulation must include buffering compounds such as sodium or ammonium biocarbonate to reduce pH variations during cultivations. Teli et al. [18] reported the buffering capacity, strongly affects the biohydrogen yield. However, high concentrations of a buffer may have an inhibitory effect on anaerobic fermentation. An optimal substrate:buffer ratio of 2e2.5 was found which maintained the pH around 5e5.5. Therefore, the optimization of fermentation conditions are importance for biohydrogen production.
In conventional multifactor experiments, optimization is usually carried out by varying a single factor while keeping all other factors fixed at a specific set of conditions. This is not only time-consuming, but it is usually impossible to reach the true optimum because the process ignores the interactions among the other variables. As a result, response surface methodology (RSM) has been proposed to determine the influences of individual factors and their interactive influences. RSM is a statistical technique for designing experiments, building models, evaluating the effects of several factors, and searching for optimum conditions [19] . Recent studies have looked at the optimization on hydrogen production [1, 20] . However, the statistical optimization on biohydrogen production from cellulosic hydrolysate is still lacking in the literature.
The present study investigates the effects of substrate concentration, substrate:buffer ratio and inoculum:substrate ratio on hydrogen production from SCB hydrolysate. A central composite experimental design was employed in planning the experiment in order to find out which experiment variables affect hydrogen production potential by using RSM and a predictive polynomial quadratic equation.
Material and methods

Sugarcane bagasse hydrolysate
SCB used in this study was obtained from a local sugar processing plant (Thai Roong Reuang sugar industry, Phitsanulok, Thailand). The SCB was air dried, milled and sieved through a 0.5 mm screen before being stored at room temperature prior to usage. The composition (w/v) of the SCB was 38.1% cellulose, 21.2% hemicelluloses, 8.3% lignin, 2.5% ash and 40.1% of other components.
Acid hydrolysis of the SCB hemicellulose fraction was conducted at 121 C, 0.15 MPa for 60 min with 0.5% (v/v) sulfuric acid in an autoclave at a solid to liquid ratio of 1:15 (g:mL). After hydrolysis, a solid residue was separated by filtration through a thin layer cloth. The pH of the hydrolysate was adjusted to 10 with Ca(OH) 2 . The resulting precipitate was removed by centrifugation (1500 rpm, 15 min) and then re-acidified to pH 7, followed by further centrifugation. The detailed procedures are delineated in a previous study [1] . The supernatant was concentrated until a total-sugar content of 200 mg L À1 was achieved and kept at 4 C prior to use.
Total sugar was determined by the phenol sulfuric acid method [21] .
Seed microorganisms
The seed microorganisms in this study were taken from a 200 L hydrogen pilot plant, with a volatile suspended solid (VSS) of 3.23 g L
À1
. This reactor was continuously fed with 20 mg-total sugar L À1 and maintained at pH 6. Prior to use, the seed sludge was first washed with 0.75% w/v of NaCl 2 and heated at 94 C for 60 min to inhibit the bioactivity of the hydrogen consumers and to harvest spore-forming anaerobic bacteria.
Experimental design
In order to assess the optimization of factors affecting hydrogen production from SCB hydrolysate, a central composite experimental design (CCD) and RSM were conducted to evaluate the key variables influencing hydrogen production potential from three factors; substrate concentration (X 1 ), substrate:buffer ratio (X 2 ) and inoculum:substrate ratio (X 3 ). RSM is an empirical statistical technique employed for multiple regression analysis using quantitative data obtained from properly designed experiments to simultaneously solve multivariate equations. The graphical representations of these equations are called response surface, which can be used to describe the individual and cumulative effects of the test variables on the production of biogas. It can also be used to determine the mutual interactions between the test variables and their effect on the production of biogas [22] . The range and the levels of variables employed in this study are listed in 
where x i is the coded value of the ith test variable, X i is an uncoded value of the ith test variable, X i * is an uncoded value of the ith test variable at the center point and DX i is the step size in varying the value.
A total of twenty experimental runs (Table 1) , in triplicate were conducted [22] . The value of hydrogen production potential was obtained as the response of the experiments. To predict the optimal condition, the quadratic polynomial equation was fitted to correlate between variables, the response (i.e., hydrogen production potential) and estimated response as the following equation:
where X i are the input variables which influence the response variable Y, A 0 is the offset term, A i the linear effect, A ii the squared effect and A ij is the interaction effect. The input values of X 1 , X 2 and X 3 corresponding to the maximum value of Y were solved by setting the partial derivatives of the functions to zero.
Hydrogen production
Hydrogen production experiments were performed in 200 mL serum bottles with a working volume of 100 mL containing 1.5 mL of 3.75% (w/v) L-cysteine as a reducing agent, various amounts of substrate concentration, NaHCO 3 as a buffer, and seed microorganisms. The concentration of the substrate ranged from 10 to 30 gtotal sugar L
À1
. The ratio of substrate to buffer and the ratio of inoculum to substrate were calculated from the total sugar. The fermentation broth contained different concentrations according to the parameters in the design (Table 1 [17] . The solution is then filled to 100 mL with distilled water and the pH was adjusted to 6 using either 1 N HCl or 1 N NaOH. Subsequently, the bottles were tightly sealed using rubber septa and an aluminum cap. After replacement of the gas phase with argon to create an anaerobic condition, the serum bottle was incubated at 37 C and put in an orbital shaker set at 150 rpm. All treatments were carried out in triplicate.
Analytical method
Biogas volume was determined by a gas tight syringe at room temperature (20 C) and pressure (760 mm Hg). The cumulative hydrogen gas production was determined by using the following equation [23] .
where V H , i and V H,iÀ1 are the cumulative hydrogen gas volumes at the current (i) and previous time interval (iÀ1), respectively; V G,I and V G,iÀ1 the total biogas volume at the current and previous time intervals; C H,i and C H,iÀ1 is the fraction of hydrogen gas in the headspace at the current and previous time intervals; and V H is the volume of headspace of vials (100 mL). The removed biogas volume for analysis was also taken into account during the hydrogen mass balance. The composition of the product gas was measured with a CHINA Gas Chromatography 8700T equipped with a thermal conductivity detector and stainless steel column packed with Porapak Q. Argon was used as the carrier gas. The temperature of the injector, column and detector were all 50 C.
The concentration of organic acids and alcohols were determined with a flame ionization detector and glass column packed FON. The injector, column and detector temperature used were at 175, 145 and 175 C respectively, with nitrogen as the carrier gas. The same methods were used in the previous studies [24, 25] .
pH, Total sugar, suspended solids (SS), and VSS were determined according to Standard Methods [26] .
Kinetic modeling
The cumulative volume of hydrogen production in the batch experiment followed the modified Gompertz equation:
where H is the cumulative hydrogen production (mL); l the lag time (h), P the hydrogen production potential (mL), and R m the maximum hydrogen production rate (mL h À1 ).
Results and discussion
Overall performance in a typical experiment
The present study aims at understanding the effects of important process variables, i.e., substrate concentration, substrate:buffer ratio and inoculum:substrate ratio for fermentative hydrogen production from SCB hydrolysate, and is partly based on our previous experiment [1] . The cumulative hydrogen production was measured and calculated using Eqs. (3) and (4) with the modified Gompertz equation, and P, R m and l were calculated. The regression coefficients were greater than 0.90 for all trials, indicating that the parameters were statistically significant.
Cumulative hydrogen production reached the maximum values within 4 d. Methane was not observed in any bottles and l for hydrogen production was less than 0.37 d, which was shorter than previously reported values (0.78e4 d) for batch tests with heattreated inoculums [27] . Organic acid productions for all batch reactors included mainly n-butyrate, acetate and propionate are shown in Table 2 . Among organic acid productions, n-butyrate was produced almost simultaneously with hydrogen production. The butyrate to acetate ratio (HBu/HAc) is often used to as an indicator of the extent of biohydrogen production. The range of HBu/HAc varied between 1.0 and 2.5. Previous studies indicated that efficient hydrogen occurs for HBu/HAc ratios between 2.6 and 4.0 [7] . This suggests that the metabolite composition is greatly dependent on the type of carbon substrate and bacterial population used. Our results suggest that SCB hydrolysate is a potential source of renewable biomass to produced hydrogen and inhibitory compounds are not formed during SCB hydrolysis.
Optimization study for maximum hydrogen production rate
The optimal values of the three factors, i.e., substrate concentration, substrate:buffer ratio and inoculums:substrate ratio and their interactions on hydrogen production were further explored by CCD and RSM.
The statistical model was developed by applying multiple regression analysis on the experimental data and the following second-order polynomial equation was established to calculate the hydrogen production: Table 3 shows the results of the statistical model for the F-test, and the analysis of variance (ANOVA) of the response surface quadratic model. The ANOVA of quadratic regression model demonstrates that the model is strongly statistically significant (P < 0.0001). R 2 was found to be 0.995, which means that the model could explain 99.5% of the total variations in the system. In regression, the R 2 coefficient is a statistical measure of how well the regression line approximates the real data points. An R 2 of 1.0 indicates that the regression line perfectly fits the data [28] . The value of the regression coefficient (R 2 ¼ 0.995) suggests that the regression model was an accurate representation of the experimental data. The result shows that the quadratic model in terms of substrate concentration (X 1 ), substrate:buffer ratio (X 2 ), inoculums:substrate ratio (X 3 ) are significant influences on hydrogen production potential (P-value < 0.05).
The results also demonstrate there is a significant interaction between the substrate concentration and substrate:buffer ratio (X 1 X 2 ) (P-value ¼ 0.0019) while the interaction between the substrate concentration and inoculums:substrate ratio (X 1 X 3 ) (Pvalue ¼ 0.2381), the substrate:buffer ratio and inoculums:substrate ratio (X 2 X 3 ) (P-value ¼ 0.7063) are not significant (Table 3) .
Effects of substrate concentration, substrate:buffer ratio and inoculums:substrate ratio
The three-dimensional response surface and two-dimensional contour lines as shown in Fig. 1a and b are based on Eq. (5) with one variable kept constant at its optimum level and varying the other two variables within the experimental range. The response surface of hydrogen production potential (Fig. 1a) shows a clear peak, indicating that optimum conditions fell inside the design boundary. The effect of the substrate concentration was statistically significant (P ¼ 0.0015). Hydrogen production potential increased with the increase in substrate concentration from 10 to 22.77 gtotal sugar L À1 and then hydrogen production potential decreased when substrate concentration was greater than 22.77 g-total sugar L
À1
. This is expected because more carbon is available at a higher total sugar concentration. Hydrogen production decreased at a total sugar concentration of 30 g L À1 which is probably due to substrate inhibition. Previous work has shown the effects of substrate concentration on hydrogen production. Initial substrate concentration plays an important role on the yield and production rate of hydrogen [29] . Low initial substrate concentration results in a low rate of fermentation. Fermentation time increases as substrate concentration increases [30] . Further evidence can also be found that substrate concentration influences the hydrogen production. The increase in substrate concentration could increase hydrogen production up to a certain level. Also, excessive substrate concentration can cause a buildup of cell concentration and volatile fatty acids (VFAs) in the system leading to a decline of pH in the reactor which could inhibit hydrogen production [31] . In addition, an increase in substrate concentration could lead to buildup partial pressure in the fermentation system. The accumulation of partial pressure in the headspace of reactor could cause the hydrogen production to be switched to solvent production resulting in reduced hydrogen production [32] . An inhibitory effect of high substrate concentration generally occurs in anaerobic digestion processes, depending on the types of substrates and microorganisms. Chen et al. [25] reported that hydrogen production from sucrose by Clostridium butyricum CGS5 showed the best performance at the initial sucrose concentration of 20 g-COD L À1 , while the fermentation process was inhibited at the initial sucrose concentration of 30 g-COD L
. This agrees with Oh et al. [32] who reported biohydrogen generated by Citrobacter sp. Y19 with glucose as a carbon source showed the yield of hydrogen production gradually decreased with increasing glucose concentration at the levels higher than 20 g L
. Our previous results show that the optimum substrate concentration for biohydrogen production from the fermentation of SCB hydrolysate by C. butyricum was 20 g-COD L À1 [1] . In the present study, hydrogen production potential reached the peak value of 6980 mL L À1 at 22.77 g-total sugar L À1 initial substrate concentration. Fig. 1c and d illustrate the interactive effect of substrate concentration and the inoculums:substrate ratio on hydrogen production potential with its optimums shown at the peak of the response curve (Fig. 1c) . Hydrogen production potential increases with increasing substrate concentration and inoculums:substrate ratio at low values but it decreases with further increasing in substrate concentration and inoculums:substrate ratio at high levels. The highest hydrogen production potential (6980 mL L À1 )
was obtained when the inoculums:substrate ratio was 0.31. The two-dimensional contour of hydrogen production potential with respect to substrate concentration and inoculums:substrate ratio (Fig. 1d) , shows an ellipse shaped contour plot (Fig. 1d) . However, the interactive effect of the substrate concentration and inoculums:substrate ratio on hydrogen production potential was not significant (P > 0.05). This phenomenon was attributed to the fact that the ratio of inoculums to substrate can increase the hydrogen production rate. However, at a higher inoculum volume, more of the carbon source was devoted for biomass production than hydrogen production [33] .
The graphical representation provides a method to visualize the relationship between the response and experimental values of inoculums:substrate ratio and substrate:buffer ratio on hydrogen production potential for the purpose of finding the optimum conditions ( Fig. 1e and f) with the optimum shown on the top of the surfaces and the smallest ellipse in the contour line. The highest hydrogen production potential was obtained at a ratio of substrate to buffer of 4.31. The interaction between substrate:buffer ratio and inoculums:substrate ratio (X 2 X 3 ) was not significant (P > 0.05). However, the ratio of substrate to buffer was significant (P < 0.05), indicating that the buffer plays an important effect on hydrogen production potential. The formation of hydrogen is accompanied by the production of VFAs or other solvents during the anaerobic digestion process, which causes the pH to drop. Therefore, alkalinity in the form of carbonate or bicarbonate as a supplement is necessary in the reactor. pH is important as one of the factors controlling the anaerobic biological processes due to its effects on Fe-hydrogenase activity, metabolic pathways, and the duration of the lag phase [34] . A bacterial medium always contains buffering compounds to reduce the pH fluctuations during the initial growth periods. In an anaerobic reactor, the pH value and its stability are important. The potential of a substrate to generate acids can be predicted by its composition. Carbohydrate-rich substrates have a greater potential to acidify the media during anaerobic fermentation. As a result, in some situations, system stability is hard to maintain. In hydrogen fermentation, reactors tend to acidify readily and a reduction in the pH may result [35] . Low initial pH values below 5.0 inhibit hydrogen production [36] . On the other hand, high initial pH values such as 9.0 decrease lag time, but have a lower level of hydrogen production [37] . In these cases, it becomes necessary to either add external sources of alkalinity or to adopt adequate operational strategies [38, 39] . In biohydrogen production systems, bicarbonate alkalinity plays an important role, as it allows buffering of pH when VFA production becomes excessive. However, biocarbonate interacts with CO 2 , another major gaseous end product in anaerobic systems. An increase in the biocarbonate concentration in the feed increases the CO 2 fraction in the gas phase because of carbonate dissolution [39] .
Confirmation experiments and adequacy of the models
To confirm the validity of the statistical experimental strategies and to gain a better understanding of hydrogen production from SCB hydrolysate by mixed culture, four additional confirmation experiments were conducted. The chosen conditions for substrate concentration, substrate:buffer ratio and inoculums:substrate ratio for hydrogen production potential are listed in Table 4 . The data in Table 4 reveals that the optimum hydrogen production potential measured was close to those estimated using RSM. This confirms that the RSM analysis is a useful technique to optimize the biohydrogen production.
Conclusions
The present work focused on optimizing factors affecting hydrogen production from SCB hydrolysate by mixed cultures. The CCD/RSM approach was employed for research planning. The optimal condition for hydrogen production in the culture was at pH 6 and 37 C. Experimental results showed that buffer:substrate ratio had a significant influence on the hydrogen production potential. A maximum hydrogen production potential of 6980 mL H 2 L À1 was estimated at the optimum conditions of substrate concentration 22.77 g-total sugar L À1 , 4.31 substrate:buffer ratio, and 0.31 inoculum:substrate ratio. Four additional experiments confirm that the optimum hydrogen production potential measured was close to the estimated value using the RSM. The experimental results demonstrated that RSM with the CCD was useful for optimizing hydrogen production from SCB hydrogen by mixed culture. 
